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Biomolecular logic devices can be applied for sensing and nano-
medicine. We built three DNA tweezers that are activated by
the inputs Hþ∕OH−; Hg2þ∕cysteine; nucleic acid linker/complemen-
tary antilinker to yield a 16-states finite-state automaton. The
outputs of the automata are the configuration of the respective
tweezers (opened or closed) determined by observing fluorescence
from a fluorophore/quencher pair at the end of the arms of the
tweezers. The system exhibits a memory because each current
state and output depend not only on the source configuration
but also on past states and inputs.

biocomputing ∣ DNA machines ∣ sensor ∣ chemical recognition ∣
chemical input

Supramolecular systems that can be instructed by external
triggers and interact with biological systems attract growing

interest. Such combined assemblies hold the promise for future
nano-medical and bioengineering applications (1–3). In particu-
lar, the base sequence in DNA enables recognition and self-
assembly. We use these properties to operate a molecular assem-
bly of “tweezers” that can be opened or closed by external inputs.
The machine processes the inputs depending on its internal state
and delivers an output. Such a machine is defined as an automa-
ton. Indeed, the structural and functional information encoded
in biomolecules such as DNA (4), DNAzymes (5, 6), ribozymes
(7), DNA/protein hybrids (8), and enzymes (9) has been imple-
mented to develop logic gates (10) and finite automata (11). The
use of these logic devices to control gene expression (12), and to
process intracellular information (13), was demonstrated. Also,
programmed nucleic acid structures were used to design DNA
machines (14–17), and supramolecular DNA nanostructures per-
forming “walker,” (18–22), “tweezers” (23–26), and “gear” (27)
functionalities were reported, using nucleic acid strands, apta-
mer–substrate complexes (28), or pH (29, 30) as triggers (inputs)
for the activation of DNA machinery devices. Previous studies
described DNA–protein automata, and the advantages of an
all-DNA automata device were theoretically addressed (31).
The present study presents unique enzyme-free DNA automata,
based on the use of new chemical inputs (Hg2þ∕cysteine and
Hþ∕OH−) that require detailed design of the recognizing nucleic
acids. There are eight possible configurations of the three twee-
zers (open/closed for each). A configuration is deemed an output
of the system and is determined by reading out the fluorescence
signals of the tweezers. These configurations change when inputs
are provided; however, the next configuration will depend not
only on the most recent input but on the past input history. There-
fore we introduce the notion of “state” that, combined with the
input, will uniquely determine the output and the next state. The
states are hidden, but they can be unambiguously assigned at each
step; as shown below, 16 states suffice to fully describe history-
dependent response of the system. Such response is found in
complex systems. For example, acquired magnetization of a
ferromagnetic material reflects its past physical treatment.

Results and Discussion
Fig. 1A presents the elements of the device. It consists of three
tweezers, α, β, γ, and six inputs (pH-acidic or basic; Hg2þ ions
or cysteine ligands complexing Hg2þ ions; and two complemen-

tary single stranded nucleic acids acting as linker/antilinker units).
Each of the tweezers may exist in the closed configuration “0” or
the open structure configuration “1.” Thus, the three tweezers
may generate eight different configurations (outputs); two config-
urations where all three tweezers are closed (000) or open (111),
respectively, three configurations consisting of one open tweezers
and two closed, and three configurations that include two open
tweezers and one closed. The general principles of the input-trig-
gered opening or closing of the tweezers and the readout of the
tweezers configuration are depicted in Fig. 1B. The tweezers con-
sist of two nucleic acid arms (I and II) bridged by a “reporter”
nucleic acid III that includes at its ends a fluorophore/quencher
pair. The arms I and II are further bridged by complementary base
pairing with the nucleic acid linker IV to form the closed tweezers.
The domains Ia and IIb in the arms I and II provide the recogni-
tion sites for the respective inputs.While the inputs of type I1 open
the tweezers and release the linker, the addressing of the open
tweezers with inputs of type I2 results in the association of the
linker to the arms and in the closure of the tweezers. The fluor-
escence resonance energy transfer (FRET) between the fluoro-
phore and quencher transduces the configuration of the tweezers.
While the proximity of the fluorophore/quencher pair in the
closed tweezers leads to effective quenching and low fluorescence
of the fluorophore, in the open configuration the fluorophore and
quencher are apart, leading to a less efficient quenching, and a
high fluorescence signal. By the labeling of each of the tweezers
with a specific fluorophore [ROXðF1Þ, Cy5.5ðF2Þ, Cy5ðF3Þ], the
configuration of the respective tweezers (open or closed) is opti-
cally read out by the respective fluorescence labels. The domains
Ia and IIb in the tweezers constructs are instructed to switch
between the closed and open configurations by the respective
inputs. The switching of tweezers α is exemplified in Fig. 2A. In
their closed configuration the tweezers include the arms Ia and IIb
bridged to the linker unit by Hg2þ ions through T-Hg2þ-T bonds

Fig. 1. (A) General scheme for the application of three-tweezers structures
and a set of counteracting inputs (I1 and I2) to yield eight different config-
urations (outputs) in a finite-state automaton. (B) General scheme for the
construction of the tweezers structure and its reversible opening/closure
by the counter inputs I1 and I2, respectively.
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(32, 33). The opening of the tweezers is accomplished by adding
the cysteine (Cys) input that removes the Hg2þ by ligation (34).
Fig. 2B depicts the cyclic opened/closed configuration operation
of these tweezers. Similarly, programming the arm domains Ia and
IIb of tweezers β to be pH sensitive stimulates the switchable
opening/closing of this tweezers by Hþ∕OH− inputs, Fig. 2C. At
acidic pH the arms form the i-motif (35), thus releasing the linker
unit, whereas at pH ¼ 7.2, the i-motif is destroyed, resulting in the
stabilization of the closed tweezers. The pH-switchable activities
of tweezers β are demonstrated in Fig. 2D, using F2 as the fluor-
escent label. Tweezers γ represent the trivial configuration, where
the linker input (L) hybridized to the arms in the closed config-
uration is released from the structure by the complementary an-
tilinker input (AL) that opens the tweezers (Fig. 2 E and F). The
sequences of the nucleic acid components in tweezers α, β, and γ
are presented in Table S1 and Fig. S1. It should be noted that the
linker is common to all the three tweezers, and thus the closed
configurations of tweezers α and β can be opened by the comple-
mentary hybridization of the antilinker strand to the linker. Thus,
the simplest machines use any one of the pairs of tweezers pre-
sented in Fig. 2 A, C, or E. For each pair there are two possible
inputs that either retain the state of the device or change its state.
In Fig. 2G we show schematically the operation of a single twee-
zers, together with the corresponding input/output. In this simple
automaton the configuration of the tweezers and the state of the
machine are identical. This feature will change, however, when the
number of tweezers is increased (vide infra).

Realizing that any of the tweezers can exist in two configura-
tions, one may enhance the complexity of the device to reveal a
richer number of configurations by the coupling of any of two
tweezers (αβ, βγ, αγ). These pairs of tweezers may be instructed
by the appropriate inputs (Fig. 3 A–C). To successfully operate

each of the two-tweezers systems, the design of the tweezers must
follow some energetic stabilization rules, where the sequences of
domains Ia and IIb in the tweezers arms and the sequence of the
linker play a very significant role (see Fig. 1B). In the αβ tweezers
system, the tweezers are designed as follows: (i) The complemen-
tary region between each arm of tweezers β and the linker lacks
T-T mismatches that are capable to form T-Hg2þ-T complexes in
the presence of Hg2þ; (ii) the number of complementary bases
between the linker and tweezers β should yield a duplex structure
at neutral pH that exhibits lower stability as compared to the sta-
bility of the duplex structures generated between the linker and
the arms of tweezers α, in the presence of Hg2þ. Fig. 3A shows the
combination of tweezers α and β. While in the presence of Hg2þ
tweezers α are closed due to the synergistic T-Hg2þ-T bridges and
tweezers β are open; the elimination of the Hg2þ ions by cysteine
energetically favors the hybridization of the linker to tweezers β.
The readdition of Hg2þ ions regenerates the closed tweezers α
and the open configuration of tweezers β. The concurrent opera-
tion of the two tweezers, αβ, is monitored by labeling tweezers α
with fluorophore F1 (λem ¼ 600–650 nm) and the quencher (Q1)
and labeling tweezers β with fluorophore F2 (λem ¼ 700–750 nm)
and the quencher (Q2). Fig. 3A, panel II, depicts the cyclic acti-
vation of tweezers αβ by the repeated additions of Hg2þ∕cysteine.
To fullfil the energetic requirements discussed above, the se-
quence of the linker was optimized (see Table S2). Also, to allow
the two-way operation of the β, γ tweezers system, we encode
significant structural information into the base sequences of the
different nucleic acids: (i) The number of complementary bases
between the linker and tweezers γ should yield a duplex structure
that has a lower stability compared to the duplex structures gen-
erated between the linker and each of the arms of tweezers β. This
would preserve tweezers β in the closed configuration prior to the

Fig. 2. (A) Schematic presentation of the concurrent
activation of tweezers α using Hg2þ and cysteine as in-
puts that form the configurations “0” (closed) and “1”
(opened), respectively. (B) Fluorescence spectra corre-
sponding to the respective configuration of tweezers
α: (a) Initial configuration of the tweezers, (1), with no
added input. (b) After the addition of Hg2þ as input.
(c) After the addition of the cysteine input. Inset: Cyclic
activation of the tweezers between configurations (0,
closed) (b) and (1, open) (c). (C) Schematic presentation
of the opening and closing of tweezers β using Hþ and
OH−, as inputs that form the configurations (1) and
(0), respectively. (D) Fluorescence spectra correspond-
ing to the respective configurations of tweezers β : (a)
Initial state of the tweezers, (0), with no added input
at pH ¼ 7.2. (b) After the addition of Hþ as input that
changes the pH value to 5.2. (c) After the addition of
the OH− input. Inset: Cyclic activation of the tweezers
between configurations (1) (b) and (0) (c). (E) Sche-
matic presentation of the concurrent activation of
tweezers γ using the linker (L) and antilinker (AL) as
inputs that form the configurations (0) and (1), respec-
tively. (F) Fluorescence spectra corresponding to the
respective configurations of tweezers γ : (a) Initial con-
figurations of the tweezers, (0), in the presence of the
linker input. (b) After the addition of the antilinker as
input. (c) After the addition of the linker input. Inset:
Cyclic activation of the tweezers between configura-
tions (1) (b) and (0) (c). (G) Schematic presentation
of the switching between state (S1) and (S2) translated
by the inputs, I2 and I1, respectively.
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folding of i-motif structure, while tweezers γ is in the open con-
figuration. (ii) Sufficient base pairings between the linker and the
arms of tweezers γ is needed in order to allow, at room tempera-
ture, the hybridization and closure of tweezers γ upon release of
the linker from tweezers β at acidic pH. (iii) The number of com-
plementary bases of the linker to the arms of tweezers β should
be carefully controlled so that the linker can be released once the
i-motif structure is formed. Fig. 3B shows the analogous activa-
tion of tweezers β and γ by pH inputs. While at basic pH tweezers
β are in the closed structure, tweezers γ are in the open config-
uration. At acidic pH as input tweezers β open due to the forma-
tion of the i-motif structure, and tweezers γ close due to the
hybridization with the linker released by tweezers β. At basic
pH the i-motif structure is destroyed, and the original tweezers
configurations are regenerated. By the labeling of tweezers γ with
fluorophore F3 (λem ¼ 660–700 nm) the concurrent opening and
closure of tweezers β,γ is demonstrated, as depicted in Fig. 3B,
panel II. Similarly, the set of the concurrent operations of twee-
zers α,γ was accomplished as shown in Fig. 3C. While tweezers α
exists in the T-Hg2þ-T-bridged closed configuration, addition of
cysteine releases the linker that bridges tweezers γ into the closed
configuration. By the readdition of Hg2þ ions, the original con-
figurations of tweezers α,γ are regenerated. Fig. 3C, panel II,
depicts the concurrent operation of tweezers α,γ by following
the fluorescence features of F1 and F3 . Furthermore, control
experiments indicated that the photophysical properties of the
different fluorophores were not affected by the different inputs.

Realizing that a combination of each of the two tweezers can
be cycled between closed and open configurations using the ap-
propriate inputs, one may mix the three tweezers structures and

one linker unit to form the four states (S5–S8) shown in Fig. 4A
that are interconverted by the appropriate inputs. In each of these
states two of the tweezers are open and one is in the closed struc-
ture to yield the configurations 011, 101, 110, and 011. For exam-
ple, in configuration 011, S7, tweezers α are stabilized by the
thymine- Hg2þ- thymine bridges in the closed structure and are
transformed to the 101 configuration, S8, by interaction with
cysteine resulting in the closure of tweezers β. The latter config-
uration translates at an acidic input into the configuration 110,
S5, and upon reaction with Hg2þ ions as input the assembly 110
is converted to configuration 011, S6, resulting in the closure of
tweezers α. One should note, however, that the 011 configuration
in the state S5 and in the state S6 represent different states, be-
cause they exist in different pH environments. Thus, despite the
similar optical transduction signals defining the configurations of
the composited three tweezers, the unique definition of the state
of the system requires the identification of the mode of formation
(input) of the respective configuration. The inputs and respective
outputs are indicated on the arrows representing the transitions
between the different states. The fluorescence intensities provid-
ing the output that corresponds to each of the states are depicted
in Fig. 4B, whereas the kinetics corresponding to the translation
of the different state is shown in Fig. 4C.

The number of configurations (and states) of the tweezers
automata may be further increased by introducing the linker and
antilinker as inputs. Fig. 5 depicts schematically the set of eight
possible configurations of the three tweezers systems and the set
of 16 states of the automaton consisting of the three tweezers in
the form of a central rhombus of the 111 configurations of the
machine and four arms of the other states, where colored arrows

Fig. 3. (A) Concurrent activation of tweezers α and β using Hg2þ and cysteine as inputs that form the configuration (01) and (10), respectively (see panel I).
Panel II: Fluorescence spectra corresponding to the configurations of the respective tweezers components. Tweezers α is followed at λ ¼ 600–650 nm (purple).
Tweezers β is monitored at λ ¼ 700–750 nm (green): (a) Initial configuration of the tweezers, (10), with no added input. (b) After the addition of Hg2þ as input.
(c) After the addition of the cysteine input. Inset: Cyclic activation of the two tweezers between configurations (01) (b) and (10) (c). (B) Concurrent activation of
tweezers β and γ using Hþ and OH− as inputs that form the configurations (10) and (01), respectively (see panel I). Panel II: Fluorescence spectra corresponding
to the configurations of the respective tweezers components. Tweezers γ is followed at λ ¼ 660–700 nm (red). Tweezers β is monitored at λ ¼ 700–750 nm
(green): (a) Initial configuration of the tweezers, (01), with no added input, at pH ¼ 7.2. (b) After the addition of Hþ as input. (c) After the addition of the OH−

as input. Inset: Cyclic activation of the two tweezers between configurations (10) (b) and (01) (c). (C) Concurrent activation of tweezers α and γ using Hg2þ and
cysteine as inputs that form the states (01) and (10), respectively (see panel I). Panel II: Fluorescence spectra corresponding to the configurations of the re-
spective tweezers components. Tweezers α is followed at λ ¼ 600–650 nm (purple). Tweezers γ is monitored at λ ¼ 660–700 nm (red): (a) Initial configuration of
the tweezers, (10), with no added input. (b) After the addition of Hg2þ as input. (c) After the addition of the cysteine input. Inset: Cyclic activation of the two
tweezers between configurations (01) (b) and (10) (c).
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indicate the input that translates each of the states to the corre-
sponding other state. The central rhombus is surrounded by three
additional coaxial generations of rhombi states. While the trans-
lation in each of the rhombi proceeds by the application of the
Hg2þ∕cysteine or Hþ∕OH− inputs, the translation of a state from
one rhombus to another requires the addition of linker(L)/antil-
inker(AL) inputs. The inputs and respective outputs are indicated
on the arrows corresponding to the transitions between the states.
The operation of the 16-states automaton is depicted in Fig. 6,
where the translation of the states in each of the rhombi is fol-
lowed by the fluorescence intensities of the respective configura-
tions (Fig. 6 A–C). The translation of the state from one rhombus
to another is shown in Fig. 6D, using the linker and antilinker as
inputs. (The fluorescence spectra of all of the configurations and
their cyclic operation are provided in Fig. S2.) The operation of
the network of 16 states requires the appropriate design of the
relative energetic of the closed/opened configurations in the pre-
sence of the respective inputs. (For the detailed energy relations
see Fig. S3.) Furthermore, we note that the transitions across the
three configurations of the tweezers can be cycled for at least six
times, without notable perturbation of the system. We find that
the least stable component in the system is ROX (F1) that under-
goes bleaching. Obviously, the open/closed configurations of the
different tweezers are not complete. An open or closed tweezer is
defined as a population of ≥60%. For the precise populations of
the open/closed components in the different states, see Fig. S4.

The machine reported here is a finite-state automaton that we
model as a “finite-state machine” (36, 37). Unlike a combina-
tional gate, the output of a finite-state machine is determined
not only by the input but also by the present state of the machine.
We shall further discuss the machine with reference to the finite
memory of its history (38, 39). To validate the proposed model we
note that at any stage of operation a finite-state machine is char-
acterized by an input, an output, and a state. The identification of
the input and output is clear from the experiment and is shown in

Fig. 1A. The input induces the transition to the next stage and is
one of the six operations, e.g., add Hg2þ, identified in Fig. 1A and
subsequent figures. The output is the fluorescence or, equiva-
lently, the triplet of binary digits that specifies the configuration
of the tweezers. To identify what specifies the state of the machine
we go back to the formal characterization of a state: The state of a
finite-state machine at a given stage together with the input at
that stage specifies the output at that stage and specifies the state
of the machine at the next stage. Schematically:

Fig. 4. (A) Schematic presentation of four possible states of a three-tweezers α,β,γ automata using one equivalent of the linker that can close any of the three
tweezers. The respective configurations of the tweezers are monitored at λ ¼ 600–650 nm, F1 (for tweezers α), at λ ¼ 700–750 nm, F2 (for tweezers β) and at
λ ¼ 660–700 nm, F3(for tweezers γ). (B) Fluorescence intensities corresponding to configurations of the four different states of the automaton depicted in A.
Purple column corresponds to tweezers α, green column, tweezers β, and red column, tweezers γ (F relative is estimated according to the details given in
Fig. S4.) (C) Time-dependent fluorescence intensities corresponding to the different configurations shown in A resulting from the transition between states
induced by the different inputs. The initial state is S5 (configuration 110). The fluorescence intensities of the different tweezers are shown by different colors:
purple, tweezers α; green, tweezers β; red, tweezers γ. Arrows on top indicate the time of application of the respective input.

Fig. 5. Scheme of all 16 states of the three tweezers α, β, γ automaton. Color
of arrows indicates the input translating one state to another (Hg2þ, gray;
cysteine (Cys), green; Hþ, purple; OH−, orange; linker(L), blue; antilinker
(AL), red. The inputs and respective outputs (input/output) are indicated
on the arrows corresponding to the transitions between the states.
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Current state and current input ⇒ present output

Current state and current input ⇒ next state

Toward defining the notion of a finite memory it is convenient
to cast the characterization in words as a pair of equations for
the present output and for the next state zν ¼ f zðxν;sνÞ; sνþ1 ¼
f sðxν;sνÞ. Here xν;zν and sν are, respectively, the input, output,
and state at stage ν; ν ¼ ::;3;4;5.: For our machine it is convenient
to identify the variables that define the state after we first discuss
the notion of a finite memory, as follows. Given the present state
and the present input the transition table of the machine, Fig. S5,
specifies the output. We are, however, interested to know if the
machine remembers its past and, if so, how far back? What we
can observe are outputs. What we can control are inputs. So
the operational question is whether the output of the present
stage can be predicted given the present stage input and a finite
number of past inputs and outputs. If it can then the memory
is said to be finite. The equation that defines the range μ of
the finite memory expresses the output as zν ¼ f ðxν;xν−1;::;xν−μ;
zν−1;zν−2;::;zν−μÞ. The present output does not have to depend
on all the variables shown, but going back only to a value of μ −
1 is not sufficient. (For the mathematical expression of the next
state of the machine see SI Appendix.) The mathematical result is
that the present state is the history of the operation up to and
including μ stages back. We now show that for our machine
μ ¼ 3. For example, in Fig. 5, the right arm includes two 100 con-
figurations that upon treatment with Hg2þ yields two configura-
tions, 001 and 000, respectively, while the two configurations 110
(upper arm) are translated to the optically indistinguishable con-
figurations 010 upon the addition of Hg2þ ions. Thus, the triplet
of numbers of the configuration is insufficient to specify the state
of the machine, and definition of the preceding steps generating
the state is essential to identify a unique state of the machine. For

example, the distinction between the 100 configurations (right
arm) is obvious by following the fate of the distinct configurations
001 and 000 upon addition of cysteine, but the addition of OH−

to configurations 110 (upper arm) is insufficient to distinguish
between the 100 configurations. Careful examination of Fig. 5
reveals that for the unique identification of apparently indistin-
guishable configurations the definition of up to three preceding
steps is required. In other words, a state of our finite-state ma-
chine requires specifying the configuration of the tweezers and
inputs for up to three preceding steps. It should be noted that
any state can be generated from any other state depending on
the applied inputs. The scheme of the 16 states of the instructive
inputs and the respective outputs are show in Fig. 5. (For a de-
tailed transition table, see Fig. S5.)

In conclusion, in the present study we adapted concepts of
DNA machines (tweezers) to design an enzyme-free all-DNA
automaton. The resulting finite-state machine reveals an interest-
ing and potentially useful feature where the state of the system is
not simply defined by the configurations of the molecules but by
the “history” of formation of the configuration. While this prop-
erty of acquired response is common in biosystems, we here in-
troduce a man-made DNA composite mimicking this behavior.
For a given sequence code of the linker/antilinker inputs, the
sequence of states that are reached can be controlled by the se-
quence of inputs. We further show that by changing the sequence
code of the linker/antilinker inputs, the relative energetic of the
open/closed tweezers may be altered, thus leading to the pro-
grammability of the system. (For examples, see Fig. S6.) This
opens the way to programmable machines. The use of pH or me-
tal ions as inputs, and the controlled release or uptake of single
stranded nucleic acids (antisense), might suggest the application
of such automata in future nano-medical devices, where the

Fig. 6. Operation of the
three-tweezers automaton
using the different inputs, the
respective fluorescence intensi-
ties of the different configura-
tions, and the identification of
the states in the schematic the
coaxial rhombi diagram shown
in Fig. 5. (A) Translation across
all possible open three-twee-
zers states (inner rhombus
marked yellow). (B) Translation
across the four three-tweezers
states shown in the third
generation of rhombi states
(yellow). (C) Translation across
the four three-tweezers states
in the fourth rhombi genera-
tion (yellow). (D) Translation
acrossof the interrhombi states
of the three tweezers, lower
arm (yellow).
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sensing of the appropriate biomarkers (inputs) is followed by the
logic release of antisense units. A future potential application of
such automata device could be to define the past exposure or
nonexposure of a state to a certain input.

Material and Methods
Materials. MES acid hydrate, 2-(N-morpholino)ethanesulfonic
(MES) acid potassium salt, sodium nitrate, and mercury (II) acet-
ate were purchased from Sigma-Aldrich. L-cysteine hydrochlor-
ide was purchased from Fluka. Modified DNA oligonucleotides
[(1), (5), and (8)] were purchased from Integrated DNATechnol-
ogies. All other oligonucleotide sequences were purchased from
Sigma-Genosys. Ultrapure water from a NANOpure Diamond
source was used in all of the experiments.

Instrumentation. Light emission measurements were performed
using a Cary Eclipse Fluorimeter (Varian Inc.). The excitation of
ROX, Cy5.5 and Cy5 were performed at 588, 680, and 648 nm,
respectively. The emission of ROX, Cy5.5 and Cy5 were followed
at λem ¼ 600–650 nm, λem ¼ 700–750 nm, and λem ¼ 660–
700 nm, respectively.

Assay. The system of tweezers α described in Fig. 2A included
(1)–(4), 0.5 μM each, in an MES buffer solution (50 mM, 1 M
NaNO3). The solution was incubated at 90 °C for 5min and cooled
instantly to 25 °C for 40 min to hybridize the respective compo-
nent. The cyclic operation of tweezers α was triggered by the
addition of HgðCOOÞ2, 5 μM or cysteine 10 μM, respectively.

The system of tweezers β described in Fig. 2C included the oli-
gonucleotides (4)–(7), 0.5 μM each, in an MES buffer solution
(50 mM, 1 M NaNO3). The solution was incubated at 90 °C for
5 min and cooled instantly to 25 °C for 40 min to hybridize the
components. The cyclic operation of the tweezers β was triggered
by the addition of acetic acid (20%) or ammonia (10%) aqueous

solutions to alter the pH of the solution to the values 5.2 and 7.2,
respectively.

The system of tweezers γ described in Fig. 2E included the
oligonucleotides (4) and (8)–(11), 0.5 μM each, in an MES buffer
solution (50 mM, 1 M NaNO3). The solution was incubated at
90 °C for 5 min and cooled instantly to 25 °C for 40 min to hybri-
dize the components. The cyclic operation of the tweezers β
system was activated by the addition of the nucleic acids (4) or
(11), respectively.

The two-tweezers systems αβ, βγ, and αγ, described in
Fig. 3 A–C consisted of the oligonucleotides (1)–(7), (4)–(10),
and (1)–(4) (8)–(10), respectively, at a concentration of 0.5 μM
for each oligonucleotide, in MES buffer solutions (50 mM, 1 M
NaNO3). The solutions were incubated at 90 °C for 5 min and
cooled instantly to 25 °C for 40 min to allow the hybridization of
the components. Tweezers α/β or α/γ systems were activated by
the addition of HgðCOOÞ2, 5 μM, or cysteine, 10 μM . The cyclic
operation of tweezers β/γ system was activated by adding acetic
acid (20%) or ammonia (10%) aqueous solutions to the system.

The three-tweezers systems, as described in Figs. 4 and 6 were
studied in an MES buffer solution (50 mM, 1 M NaNO3). The
system consisted of oligonucleotides (1)–(3) and (5)–(10), 0.5 μM
each. The solution was incubated at 90 °C for 5 min and cooled
instantly to 25 °C for 40 min to allow the hybridization of the com-
ponents. Ammonia (10%), acetic acid (20%), HgðCOOÞ2 5 μM,
or cysteine 10 μM were added into the systems to inconvert the
states in each of the rhombi. For the translation of states from
rhombus to another rhombus, the linker (4), 0.5 μM, and antil-
inker (11), 0.5 μM were added.
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